Nanoporous Titanium (Ti) / Titanium oxide (TiO 2 ) film electrodes were fabricated by a combined radio frequency-sputtering (RFS) / Sol-gel combustion (SGC) method and investigated with respect to its photo-anode properties of transparent conductive oxide-less dye-sensitized solar cells (TCO-less DSCs). The porous Ti layer can collect electrons from the TiO 2 layer and allows the ionic diffusion of I -/I 3 through the hole. The porous Ti layer with low sheet resistance ( 1.7 /sq.) can be prepared by substrate temperature 250 C under RF power 300 W and Ar gas pressure 8 mTorr. The Ti/TiO 2 layers prepared by combined RFS/SGC method show the good impedance characteristics. The efficiency ( ) of prepared TCO-less DSCs sample is 5.73 % [fill factor (ff): 0.76, open circuit voltage (V oc ): 0.71V, short-circuit current density (J sc ): 10.61 mA/cm 2 ].
Introduction
Dye-sensitized solar cells (DSCs) have attracted much attention within the last decade because of their possible low production cost and potentially high conversion efficiency [1] [2] [3] . The efficiency of DSCs has been reported to show more than 10% photo-energy conversion efficiency, which is explained by efficient light-harvesting properties, charge-transfer properties, and electron-harvesting properties associated with nanoporous TiO 2 electrode. The general DSCs system uses transparent conductive oxide (TCO) glass/TiO 2 porous layer attached with dye molecules/electrolyte/Pt sputtered TCO glass configuration. TCO layer is a necessary part in DSCs construction because of its low resistivity, high transparent ability [4, 5] . As a TCO layer of DSCs, Fluorine-doped SnO 2 (FTO) has been mainly used due to the relatively high transparency and thermal stability at 500°C. However, the use of FTO coated glass for the two DSCs electrodes limits the cost-effectiveness of DSCs. Recently, the research efforts have been attempted for replacing the TCO glass, and thus the different types of Ti metal were applied for the photo-anode of DSCs. Kroon et al. have studied a TCO-less structure of DSCs assembled with nanoporous TiO 2 /Ti metal layer without TCO [6] [7] [8] . The cell efficiency of about 6% was obtained; however, no detailed explanation on the preparation of the Ti electrode was reported. TCO-less all-metal electrode using a porous Ti thin film was also reported by Hayase et al. They deposited Ti metal film directly on to the nanoporous TiO 2 layer coated with sparsely distributed tetrapod-shaped ZnO nanowires using an electrospray technique (the nanowires were chemically removed after Ti deposition). Although their process is complicated, the highest conversion efficiency they have attained was 7.43% for as-deposited porous Ti metal electrode.
In this work, we studied the effects of substrate heating and Ar gas pressure during RF magnetron sputter deposition on the processing of nanoporous Ti-metal electrode of DSCs. In this cell structure, TCO layer is not used. Ti-metal film electrode was deposited by RF magnetron sputtering directly onto the nanoporous TiO 2 layer prepared by sol-gel hybrid combustion. As-deposited Ti film onto the underlying nanoporous TiO 2 layer also becomes nanoporous by directional deposition characteristic of plasma sputtering with poor step coverage. The porosity in Ti electrode is necessary since they allow the diffusion of I -/I 3 electrolyte to dye molecules enabling electron transfer. The photovoltaic performance of fabricated DSC was investigated by analyzing the photo-conversion efficiency and electrochemical impedance measurements.
Experimental
Processing procedures of TCO-less DSCs photo-anode is schematically illustrated in Fig. 1 . The photoanode of TCO-less DSCs sample is prepared in the following processes. A layer of TiO 2 pastes with a thickness of ~20 m (Solaronix D-paste) was coated on the glass substrate by Dr. Blade method [9] , followed by a heat treatment at 450 o C for 30 min. Ti thin film in ~2 m thickness was then deposited on to the as-coated layer of TiO 2 nanoparticles by RF magnetron sputtering. The film deposition using RF magnetron sputter system can be briefly described as follows [8] . A Ti metal disk (60 mm in diameter and 3 mm in thickness) with a purity of 99.99% was used as the target. After pumping down to 1 10 -6 Torr, the argon gas (purity: 99.99%) was introduced into the chamber through the mass flow controller. The target-substrate distance was kept at 70 mm and the sputtering power was 300 W. The operating pressure varied from 5 to 10 mTorr. The substrate temperatures were varied from room temperature (R.T.) to 500 o C.
In particular, the substrate was tilted by 30 degrees from the horizontal surface during deposition, which is to increase the step coverage of Ti film deposition at the one vertical side wall of the TiO 2 layer, as shown in Fig.1 
. (b)
This facilitates the secure connections between the working anode of Ti film and counter electrode. As-deposited and annealed layer of Ti-film/ porous TiO 2 layers was stained with N719 [Ru(II)L2(NCS)2:2TBA, where L=2,2'bipyridyl-4,4'-dicarboxylic acid] dye by immersing the films in an ethanolic solution of N719 dye (0.5mM) for 24 hours. The electrolyte is composed of 0.1M I 2 , 0.1M LiI, 0.6M 1-hexyl-3-methylimidazolium iodide, and 0.5M 4tert-butylpyridine in 3-methoxypropionitrile. Also a Ti sputtered FTO glass was used as a counter electrode. The microstructures of Ti films were characterized by field emission scanning electron microscope (FE-SEM). The conductivity of prepared Ti films was measured using four point probe method. Impedance distribution and conversion efficiency of the fabricated TCO-less DSCs sample were measured by electrochemical impedance analyzer (EIA; IM6, ZAHNER) and Solar-simulator (XES-301S+EL-100; SAN-EI ELECTRIC), respectively.
Results and discussion

Nanoporous Ti film
Firstly, TiO 2 paste prepared by sol-gel combustion method was coated with a thickness of 10 m on a glass by Dr. Blade method, followed by a heat treatment at 450 o C for 30 min. The example of FE-SEM micrograph of nanoporous TiO 2 layer prepared by SGC method is displayed in Fig. 2 . Fig.3 shows the XRD patterns of the Ti films deposited by RFS at the different substrate temperatures increases from R.T. to 500 C under RF power 300 W and Ar gas pressure 8 mTorr. The crystalline peaks became very pronounced at 250 C. The atoms became more mobile on the surface of the film as a result of the higher bombardment rates on them. . presents a view of Ti film X-ray diffraction from a different Ar gas under RF power 300 W and substrate temperature at 250 C. The crystal plane preferred orientation in gas pressures 8 mTorr is stronger, which means that the thin film structure is better. Fig. 4 also depicts that the crystal plane is the main Ti film acquisition revealed at the high Ar gas pressure. A weaker strength means the inferior thin film crystalline. It will have a titanium crystal plane preferred orientation appeared and a stronger titanium crystal plane preferred orientation will be shown at 8 mTorr gas pressure with the optimum structural property and the better electrical property. Therefore, in these experiments, RF power 300 W and substrate temperature at 250 C and 8 mTorr working pressure produced the optimum microstructure and the good thin film properties. Effects of substrate temperature during deposition on the electrical properties of the electrode and DSCs efficiency were studied [6] . It is obvious that the substrate heating during deposition may affect the Ti film microstructure resulting in the significant variation in electrical conductivity and pore morphology. Although the direct effects of deposition temperature on the film microstructures were not studied, they were indirectly compared by measuring the sheet resistance of the Ti-films deposited at from R.T. to 500 o C. Sheet resistance of the film decreases as the substrate temperature increases from R.T. to 250 o C, however it increases as the substrate temperature increases from 250 o C up to 500 o C. It is obvious that, as the substrate temperature increases, the defects density is reduced with increasing grain size resulting in low sheet resistance [7] . However, at higher deposition temperature, the diffusivity of ad atoms increases during deposition at very slow rate (the deposition rate was ~17nm/min ), which can result in decreasing film thickness and increasing step coverage of the Ti film on the nanoporous TiO 2 underlayer. In this TCO-less DSCs, it is important that the porosity in the Ti film should be sufficient enough not to hinder the charge-carrying electrolyte flowing through to the dye molecules [8] [9] [10] [11] . Thus, the columnar growth of nanopores in Ti film is important, which can be accomplished at the temperature (250 o C) not high enough to increase step coverage of nanoporous TiO 2 underlayer. The structure of TCO-less DSCs with porous Ti metal layer is composed with the following sequence; glass/dye-sensitized pourous TiO 2 /porous Ti layer /electrolyte/Pt-sputtered counter electrode. The electron collecting layer is a layer of TiO 2 (~20 m in thickness) stained with dye molecules. The collected electrons from the dye molecules excited by light diffuse into the networks of TiO 2 nanoparticles, and they are transported to counter electrode through the Ti metal film. The electrons at the counter electrode are transferred to I -/I 3 electrolyte that subsequently transport electrons to dye molecules. It is therefore important that the analysis of electrochemical impedance of each electrode layer from photo-anode to counter electrode in the cell. Figure 6 sheet resistance versus Ar gas pressure of the Ti films obtained by RFS. The sheet resistance decreases as the film thickness increases [12, 13] . The lowest sheet resistance of 1.7 /sq. was prepared by 8 mTorr sputtering. When the pressure is over 8 mTorr, the sheet resistance is increased because of less dense structure of Ti layer. Considering the sheet resistance of FTO layer for DSCs application is in the range of 10-30 /sq., the Ti films in 1 m thickness will perform better to increase the cell conductivity and efficiency. Figure 8 shows the nyquist plots of TCO-less DSCs using porous Ti layers deposited by RFS for various substrate temperatures. The three semicircular shapes are assigned to impedance related to charge transport at the counter electrode (R 1 ), at the TiO 2 /Ti/dye/electrolyte interface (R 2 ) and the carrier transport by ions in the electrolyte (R 3 ). The R h is assigned to resistance of Ti film and the contact resistance between the Ti film and TiO 2 . The cell using porous Ti electrode deposited at 250 o C had the lowest impedance in this experiment. The Ti layer for TCO-less DSCs must satisfy both the requirements of high conductivity and porosity enough to sustain the diffusion of charge-carrying electrolyte through the porous hole [14] . The Ti layer deposited at 250 o C shows the best impedance characteristics in this experiment. The current(I) and voltage(V) of the prepared cells with an active area of 0.2 cm 2 porous Ti film were measured using simulated sunlight at AM-1.5 produced by a 150W Solar Simulator. I-V characteristics of TCO-less DSCs using porous Ti/TiO 2 photo-anode prepared for various substrate temperatures is shown Fig. 9 . The ff is related with the series resistance R s of the cells and V oc is related with the potential difference between the TiO 2 and the electrolyte in the cell [15, 16] . This indicates that the conductivity and porosity of Ti layer affect little the series resistance of the cell and the Fermi level of TiO 2 electrode. On the other hand, the J sc and show the distinct variation with the substrate temperature. The J sc is the most influential factor to the cell efficiency, although many other factors in combination can affect the cell efficiency. In table shows the photovoltaic performance of the fabricated DSC using Ti film electrode deposited at various substrate temperatures. From the results, J sc is higher at low temperature deposition compare to the deposition at temperature of 250 o C. The variation of J sc can be explained as follows. J sc is closely related to the electron generation, electron transport and diffusion in DSCs. As it can be seen from Fig. 5 , the sheet resistance versus substrate temperature of the Ti films obtained by RFS is the lowest at the medium substrate temperature of 250 o C. The low resistance improves the cell conductivity and charge mobility, thus it increases the J sc . In addition, the porous Ti layer deposited at 250 o C would have more columnar structure than the film deposited at higher temperatures, as previously described above. The ordered columnar structure is much conducive for charge-carrying electrolyte transportation resulting in high efficiency. The efficiency of the TCO-less DSC using Ti layer sputtered at 250 o C and 8 mTorr was 5.73 % (ff: 0.76, V oc : 0.71V, J sc : 10.61 mA/cm 2 ). Further research is in progress to take the efficiency improvement into account.The structure of TCO-less DSCs in sequence is glass/dye-sensitized TiO 2 nanoparticles/porous Ti thin film/electrolyte/Pt-sputtered counter electrode. The electron collecting layer is TiO 2nanoparticle arrays (~20 m in thickness) stained with dye molecules. The collected electrons from the excited dye molecules by light diffuse into the networks of TiO 2 nanoparticles, and they are transported to counter electrode through the porous Ti thin film. The electrons at the counter electrode are transferred to I -/I 3 electrolyte that subsequently transport electrons to dye molecules. It is thus important that the analysis of electrochemical impedance of each electrode layer from photo-anode to counter electrode in the cell [17] [18] [19] . The impedance experiments for TCO-less DSCs with porous Ti films prepared at different gas pressures using EIA (IM6, ZAHNER) were performed. The result is shown in Fig. 11 . The three semicircular shapes are assigned to impedance related to charge transport at the counter electrode (R 1 ), at the TiO 2 /Ti/dye/ electrolyte interface (R 2 ) and the carrier transport by ions in the electrolyte (R 3 ). The R h is assigned to resistance of Ti film and the contact resistance between the Ti film and TiO 2 . From the result of Fig. 10 , the DSCs sample with porous Ti electrode prepared by 8 mTorr sputtering had low impedance. When the pressure is over this range (>8 mTorr), the R 2 and R h are reduced because of less dense structure of Ti layer deposited by high pressure sputtering as above-mentioned, the R 3, assigned to the charge transport in the electrolyte, is decreased due to the poor-porosity of the dense Ti layer. The required Ti layer for TCO-less DSCs must satisfy the both requirements of high conductivity and porosity enough to maintain the diffusion of charge-carrying electrolyte through the porous hole. It can be found that the porous Ti layer with highly ordered columnar structure prepared by 8 mTorr sputtering shows the good impedance characteristics in this experiment.
TCO-less DSCs using nanoporous Ti film
The photocurrent (I) and the photovoltage (V) of the cells were measured with an active area of 0.2cm 2 porous Ti film using simulated sunlight at AM-1.5 produced by a 150-W Solar Simulator. I-V characteristics of fabricated TCO-less DSCs using porous Ti/TiO 2 photo-anode prepared for various Ar gas pressures is shown Fig. 11 . It can be seen that the fill factor ff and V oc do not show a very clear variation as the sputter pressure is varied from the 5 to 10 mTorr. The ff is concerned with the series resistance Rs for the cells and V oc is related with the potential difference between the TiO 2 and the electrolyte in the cell [20] . This indicates that the conductivity and porosity of Ti layer does not nearly affect the series resistance of the DSCs and the Fermi level of TiO 2 electrode. On the other hand, the J sc shows a distinct variation as a parameter of pressure, and the cell efficiency E ff also shows a similar tendency. The J sc is the central factor to dominate the cell efficiency, although many factors complicatedly affect the cell efficiency. As shown in Fig. 11 , the J sc is increased with the pressure from 5 to 8 mTorr and then goes down as the pressure is increased further. This variation of the J sc can be explained as follows; The J sc is closely related to the electron generation, electron transport and diffusion in DSCs [21, 22] . As it can be seen from Fig. 6 , the sheet resistance versus Ar gas pressure of the Ti films obtained by RFS. The low resistance improves the cell conductivity and charge mobility and then an increase of the J sc . In addition the porous Ti layer prepared by 8 mTorr sputtering has highly ordered columnar structure as mentioned above. The highly ordered columnar structure is favorable for charge-carrying electrolyte transportation and results in high efficiency [23] . On the other hand, the efficiency of our TCO-less DSCs specimen using Ti layer sputtered at 8 mTorr was about 5.73 % (ff: 0.76, V oc : 0.71V, J sc : 10.61 mA/cm 2 ), which was also lower than that of the conventional DSCs with TCO [24] [25] [26] . Further research is in progress to take the efficiency improvement into account.
Conclusion
TCO-less DSCs using a two-step deposition of nanoporous Ti thin film layer were processed for high-efficiency low-cost cell fabrication. The Ti layer of ~2 m thickness was initially deposited on the edge of glass. The second layer of Ti was deposited on the substrate of porous TiO 2 layer and the ~1 m thick Ti by RF magnetron sputtering at the varying substrate temperatures. The efficiency of the TCO-less DSC using Ti layer sputtered at 250 o C and 8 mTorr was 5.73 % (ff: 0.76, V oc : 0.71V, J sc : 10.61 mA/cm 2 ). The porous Ti layer of 1 m thickness was deposited by RF magnetron sputtering at pressure of 8 mTorr, resulting in much lower sheet resistivity (~1.7 /sq.) compared to FTO. With a viewpoint of cost-effectiveness, the photoelectrical performance of TCO-less DSCs shows a high potential for future DSCs application.
